Summary. Spermatozoa from the cauda epididymidis of adult male rats were preincubated in different media for various times and used for fertilization in vitro. When examined at different times after insemination, sperm penetration occurred 5 to 6 hr after insemination with epididymal spermatozoa preincubated in a standard medium as used for fertilization, and a marked decrease of penetration rates was observed if the preincubation period exceeded 3 hr. Addition of rat serum to the standard medium did not improve the time and rate of sperm penetration. By contrast, preincubation of spermatozoa in the presence of 2 mMdibutyryl cyclic 3\m=' \,5\m=' \-adenosine monophosphate (dCAMP) caused earlier sperm penetration although the overall penetration rates decreased as the time of preincubation increased. Preincubation of spermatozoa in a medium with a high potassium/sodium ratio (0\m=.\32) increased the penetration rates and caused early sperm penetration, while in a medium containing high K/Na ratio and 2 mM-dCAMP the latency of sperm penetration was shortened distinctively and approximately 90% of eggs were penetrated within 3 hr after insemination with spermatozoa preincubated for 5 to 6 hr. It is considered that rat epididymal spermatozoa can be capacitated in a chemically defined medium and that addition of potassium and/or dCAMP accelerates the process of capacitation.
INTRODUCTION
The recent achievement of fertilization in vitro by epididymal spermatozoa of the hamster (Yanagimachi & Chang, 1964) ), mouse (Iwamatsu & Chang, 1969) , guinea-pig (Yanagimachi, 1972) and rat (Toyoda & Chang, 1974) has made it possible to analyse the necessary conditions for the capacitation of spermatozoa in a defined physico-chemical environment. In the hamster and mouse, it has been shown that epididymal spermatozoa can be better capaci¬ tated in vitro in the presence of follicular fluid or blood serum (Barros & Austin, 1967;  Yanagimachi, 1969 Yanagimachi, , 1970 ; Barros & Garavagno, 1970; Iwamatsu & 126 Y. Toyoda and M. C. Chang Chang, 1969 , 1970 . The induction of capacitation in these experiments was recognized physiologically by the shortening of the latency for sperm pene¬ tration and morphologically by the loss of acrosomes in the preincubated spermatozoa. In the hamster and mouse, the functional change can be induced in a chemically defined medium without any supplementation of blood serum or reproductive-tract fluids (Bavister, 1969; Toyoda, Yokoyama & Hosi, 1971 ; Miyamoto & Chang, 1972 ). This has also been shown for the epididymal spermatozoa of the guinea-pig (Yanagimachi, 1972) . In the rat, the capaci¬ tation of spermatozoa in the female tract has been clearly demonstrated (Austin, 1951a;  Noyes, 1953) and it would be of interest to know whether the epididymal spermatozoa of this species can be capacitated in vitro in a chemically defined medium and whether addition of other substances can accelerate this process.
MATERIALS AND METHODS
Recently ovulated eggs were obtained from immature female rats (22 to 25 days old) of Sprague-Dawley strain (Charles River CD) that had been in¬ jected subcutaneously with 10 i.u. PMSG and 40 to 48 hr later with 10 i.u. HCG intraperitoneally. They were killed 13 to 17 hr after the injection of HCG. The standard medium for the preincubation of spermatozoa and for fertilization of the eggs in vitro was a modified Krebs-Ringer bicarbonate solu¬ tion (Toyoda & Chang, 1974) which was essentially the same as the medium developed for culturing mouse oocytes (Biggers, Whitten & Whittingham, 1970) . The total concentrations of sodium and potassium ions in this medium were 141-75 and 6-17 mequiv., respectively. Eggs were dissected from the oviducts and placed in 0-4 ml standard medium which had been covered with paraffin oil and kept in a C02 incubator (5% C02 in air at 37°C ).
Spermatozoa obtained from the cauda epididymidis of mature male rats of the same strain were preincubated in a particular medium. The volume of medium was 0-5 ml and the concentration of spermatozoa was between 3 and 6 106/ml. The following media were used, (a) The same medium as that for fertilization (standard medium In those eggs inseminated with spermatozoa preincubated in the presence of blood serum, the penetration rates were also low (2 to 3 %) at 4 hr after in¬ semination. In a group of eggs inseminated with spermatozoa preincubated for i hr, the penetration rates increased from 2 to 47-2 % when examined between 4 and 7 to 8 hr after insemination although at 7 to 8 hr after insemination, the percentage (47-2 %) was significantly lower than that (89-5 %) of eggs which had been inseminated with spermatozoa preincubated for 30 min without serum. In the group of eggs inseminated with spermatozoa preincubated in the presence of serum for b\ hr, the penetration rates remained low (15 to 18%) in spite of the longer time after insemination (5 to 8 hr). did not show any favourable effect on sperm penetration when examined 4 hr after insemination. At 7 to 8 hr after insemination, the penetration rate was lower (57-8%) than those eggs inseminated with spermatozoa preincubated in the standard medium without dCAMP for \ hr (89-5%). However, sperm¬ atozoa preincubated in the presence of dCAMP for 3 hr penetrated the eggs in a short time. Six (12%) of fifty-one and eighteen (38%) of forty-seven eggs were penetrated at 3 and 4 hr after insemination, respectively. The penetration rate at 4 hr after insemination (38 %) was significantly higher (. <0 1) than that of preceding groups (0 to 3%). The penetration rates, however, did not increase when the eggs were examined 5 to 6 or 7 to 8 hr after insemination (36-2 or 26-6%), but the male pronuclei appeared earlier; eighteen of twenty-one penetrated eggs had male pronuclei by 5 to 6 hr after insemination. Of sixtytwo eggs examined 3 hr after insemination with 5^-hr preincubated spermatozoa, six (9-7%) were penetrated and male pronuclei had already formed in two of them.
Preincubation of spermatozoa in a medium with a high K/Na ratio resulted in an overall increase in the penetration rate. At the end of 7 to 8 hr after insemination, 96-0, 85-6 and 70-0% of eggs were penetrated, respectively, by \-, 3-and b\-\vx preincubated spermatozoa. The last two percentages (85-6 and 70-0%) were significantly higher (P<0-01) than the corresponding percentages of the preceding experimental groups. It was also observed that the time of sperm penetration became shorter with increased periods of preincubation. While none of eighty-two eggs were penetrated within 4 hr after insemination with^-hr preincubated spermatozoa, seven (13-2%) of fifty-three eggs were penetrated at that time when spermatozoa preincubated for 3 hr were used for insemination. Spermatozoa preincubated for 5^h r penetrated 35% of eggs within 3 hr after insemination, but none of forty-six eggs was penetrated by 3-hr preincubated spermatozoa within this time. The development of a male pronucleus also occurred earlier in the eggs penetrated by spermatozoa pre¬ incubated for a longer time.
Finally, preincubation of spermatozoa in a medium containing 2 mM-dCAMP and high K/Na ratio resulted in a most pronounced effect. Preincubation of spermatozoa in this medium for 30 min did not cause noticeable advancement of sperm penetration and the penetration at 7 to 8 hr after insemination was also lower (50-8%) as compared to the experimental group preincubated without dCAMP but with high K/Na ratio (96-0%). However, preincubation for a longer period caused marked advancement of the sperm penetration. Spermatozoa preincubated for 3 hr penetrated 16-7% and 80% of eggs within 3 and 4 hr after insemination, respectively. When spermatozoa were preincubated for b\ hr before insemination, seventy-eight of eighty-six (90-7%) eggs were penetrated within 3 hr and the male pronuclei had already formed in sixteen eggs. All sixty-six eggs examined 4 hr after insemination were also undergoing fertilization and fifty-nine (89 %) of them had well-formed male pronuclei.
In this experimental group where spermatozoa were preincubated in a medium with high K/N aand dCAMP for 5| hr, an additional twenty eggs were examined at 2 hr after insemination. Fifteen Austin (1951b) and Odor & Blandau (1951) . The tails of penetrating spermatozoa can be easily recognized either in fresh or in stained preparations. On the other hand, the acrosome of the rat spermatozoon is very thin, and the acrosome reaction is difficult to detect under a light microscope (Austin & Bishop, 1958) but rat acrosomes can be observed by electron microscopy (Pikó, 1969) .
In the present experiment, the advancement of the time of sperm penetration has been taken as a criterion of capacitation. This is based on the observations that rat spermatozoa require capacitation in the female tract (Austin, 1951a; Noyes, 1953) . Austin (1951a) found that it took more than 4 hr for the epididymal spermatozoa deposited into the ovarian bursa to start penetration of the zona pellucida. This was further investigated and led to the concept of capacitation (Austin, 1952) , which was also discovered independently in the rabbit by Chang (1951) . Noyes (1953) found that it took 7 to 8 hr for the epididymal spermatozoa injected into the uterine lumen to penetrate the eggs, even though spermatozoa had reached the site of fertilization well before that time. This latency was distinctly longer than that of spermatozoa obtained from the uterus of females which had been mated 7 to 8 hr previously.
The results presented here clearly show that the epididymal spermatozoa of the rat can be capacitated in vitro if preincubated in a suitable environment. This is in agreement with the observations which have been made in the hamster (Barros & Austin, 1967; Yanagimachi, 1969) , in the mouse (Iwamatsu & Chang, 1969 , 1970 and in the guinea-pig (Yanagimachi, 1972) . The present result has also shown that supplementation with the secretions of the female reproductive tract is not required for the induction of capacitation, although this does not necessarily exclude the possibility that these secretions may act as a stimulant for the process of capacitation. Fertilization in vitro of the eggs with epididymal spermatozoa in a chemically defined medium is indeed a simplified model. The exact rôle of animal secretions for the facilitation of capacitation in vitro, however, has not been investigated.
The present study has shown the importance of the K/Na ratio in the sperm incubation medium. Epididymal spermatozoa preincubated in a medium with high K/Na ratio penetrated (a) more eggs, (b) sooner, than those preincubated in a medium with a low K/Na ratio. It is known that the concentration of potassium and sodium is 37 and 115 mequiv., respectively, in the uterine fluid of pro-oestrous rats (Howard & DeFeo, 1959) . Thus, the K/Na ratio in the uterine fluid (0-32) is about ten times higher than that of blood serum (0-03) as confirmed by Ringler (1961) . It is of interest that the high K/Na ratio used in the present experiment is equal to the K/Na ratio in the uterine fluid of pro-oestrous rats. Although a possible physiological rôle of the high K/Na ratio in the uterine fluid was suggested for ovum implantation (Clemetson, Mallikarjuneswara, Moshfeghi, Carr & Wilds, 1970) , this seems unlikely because of the lapse of several days between pro-oestrus and the time of implantation. Since a high K/Na ratio afforded an efficient environment for the capacitation of spermatozoa as revealed in the present study, the physio¬ logical significance of a high K/Na ratio in the uterine fluid of pro-oestrous rats can be adequately interpreted for the first time.
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Y. Toyoda and M. C. Chang The mechanism (s) by which a high K/Na ratio exerts a favourable effect on spermatozoa is not clear at present, but the epididymal fluid and the semen are also known to have a high K/Na ratio, and this is considered to be related to the long survival of the spermatozoa in the male reproductive tract (Mann, 1964) . The loss of motility due to extensive dilution of ram and bull spermatozoa can be partially prevented by the addition of potassium to the suspension medium (Blackshaw, 1953; White, 1953) . Although the intracellular K/Na ratio in the spermatozoa is higher than that of the seminal plasma (Mann, 1964) , the difference is far less marked than that between the extracellular fluid and the somatic cells such as red blood cells, nerve cells and muscle fibres (Kernan, 1965) . Sperm cells appear to be less efficient in con¬ centrating potassium intracellularly and expelling sodium ions from the cell membrane. This is supported by the presence of a high K/Na ratio in the head and a low K/Na ratio in the tail of some invertebrate spermatozoa (Steinbach & Dunham, 1962) . It is considered that the high K/Na ratio in the medium may prevent leakage of potassium from the sperm cells, thus maintaining the intracellular level of potassium for cellular activity. Even if this is a good reason for a better maintenance of fertilizing capacity, how the spermatozoa are capacitated in a medium with a high K/Na ratio still cannot be explained at present.
The mode of action of dibutyryl cyclic AMP seems to be different from that of a high K/Na ratio and it is not related to the concentration of potassium since the preincubation of spermatozoa in the presence of dCAMP caused significant advancement of sperm penetration in both low and high K/Na ratio.
It is known that the capacitation of spermatozoa, at least in the rabbit, is under hormonal control; capacitation occurs efficiently in the uterus of oestrous rabbits or rabbits treated with oestrogen, but does not occur, or occurs less efficiently, under the influence of progesterone (Chang, 1969) . It is not known, however, how these steroids exert their influence on spermatozoa and there is no concrete evidence for the direct action of these steroids on spermatozoa.
The mechanism of action by cyclic AMP for sperm capacitation, especially concerning the nucleotide specificity, cannot be adequately postulated from the present study. Nevertheless, it is known that (1) phosphodiesterase in¬ hibitors or cyclic AMP administered exogenously caused a marked increase in the respiration and motility of bull spermatozoa (Garbers, Lust, First & Lardy, 1971) , (2) there is an adenyl cyclase system in the spermatozoa of seaurchin, dog and man (Hardman, Hammer, Hoos & Sutherland, 1971) , and monkey (Casillas & Hoskins, 1971) and that (3) a decrease of ATP occurred during the capacitation of hamster spermatozoa in vitro (Upchurch & Morton, 1972) . It may be inferred, therefore, that the activation of the adenyl cyclase system in the sperm cells might trigger the process of capacitation. The exo¬ genously administered cyclic AMP might produce the same effect, thus accelerating the process of capacitation.
A decrease of polyspermic penetration was observed by increasing the time of preincubation of spermatozoa even in a medium that induced fast sperm capacitation (Table 2 ). This is in contrast to the previous experiments where the incidence of polyspermy was higher in mouse eggs penetrated by preincubated spermatozoa (Iwamatsu & Chang, 1970; Toyoda et al., 1971) . Data presented in Tables 1 and 2 may indicate a positive correlation between overall pene¬ tration rates and the incidence of polyspermy among different experimental groups during various periods of preincubation. It is possible that the media employed in the present study are still not satisfactory enough for maintenance of the fertilizing capacity of spermatozoa, even though capacitation was better achieved, because prolonged incubation decreased the penetration rate. The earlier penetration by preincubated spermatozoa may be responsible, at least in part, for the reduction of polyspermy because the eggs were penetrated at an earlier stage when the zona reaction was more efficient. A high incidence of polyspermy has been a common feature of those instances of fertilization in vitro so far reported in the hamster (Yanagimachi & Chang, 1964) , mouse (Iwamatsu & Chang, 1970) , and rat (Miyamoto & Chang, 1973; Toyoda & Chang, 1974) . It is not known whether such a high incidence is simply due to a high concentration of spermatozoa in the fertilization medium.
